In this study, straw preservation effects of Arundo donax L. on its allelopathic activity to toxic and bloom-forming Microcystis aeruginosa were investigated. The aquatic extracts of fresh straw significantly inhibited the growth of M. aeruginosa. After 7 d of cultivation, the percentage inhibitions (PIs) of all treated groups were above 60% and the maximum almost reached 100%.
INTRODUCTION
Cyanobacterial bloom has received lots of attention in recent years. In freshwater bodies, it causes significant negative impacts on public health, economic development, and ecosystem preservation, especially on public utility management of drinking, agricultural, recreational water supplies (Yan et al. 2004; Guo 2007) . Until now, many kinds of methods have been used for cyanobacterial bloom control, including physical, chemical, and biological methods (Environmental Protection Agency of China 2000; Pan et al. 2006; Gumbo et al. 2008) . Among them, antialgal allelopathy of plants has a very good prospect in utilization for cyanobacterial bloom control and is considered a green method with cost-effectiveness and environmental-friendliness (Park et al. 2009 ).
The definition of allelopathy is that one plant (including microorganisms) can impose direct or indirect effects on another species by releasing metabolites into the surrounding environment (Rice 1984) . The allelopathy of plants, such as aquatic plants, leaf litters, barley straw and rice straw, on phytoplankton has already been documented (Ridge et al. 1999; Brownlee et al. 2003; Chung et al. 2007; Hu & Hong 2008) . For example, the extract of barley straw has been found to inhibit several kinds of algae, especially cyanobacteria. It was reported that the inhibitory effects of barley straw might be attributed to its allelochemicals, including a series of tannins, quinones and oxidized lignin derivatives (Pillinger et al. 1994) .
Arundo donax L. as a native species in China now has been extensively distributed around the world due to various factors. Its amazing growth rate has caused an anxiety about how to deal with it (Bell 1997) . In our previous study, its aquatic extract has been found to have significant inhibitory effects on toxic and bloom-forming cyanobacterium Microcystis aeruginosa (Hong & Hu 2007) . So utilization of A. donax to suppress cyanobacterial bloom can be a promising ''win-win'' measure, as it will be favourable to both disgusting cyanobacterium clearance and invasive weed control.
The efficacy of controlling cyanobacterial blooms by introducing allelopathic materials into a water body depends on many conditions, beginning with size and hydrology of a water body and including its use. However, as in practice these approaches are increasingly being used, it is important to understand their chemical background. Particularly for natural materials such as straws, the mechanisms of action are of interest in order to maximise effects when introducing straw to combat blooms. Once the straw of A. donax is reaped, the preservation of straw may affect its inhibitory activity on bloom-forming cyanobacterium. In this study, straw preservation effects of A. donax on its allelopathic activity to toxic and bloom-forming M. aeruginosa were investigated to clarify the activity changes and the changes of potential allelochemicals.
MATERIALS AND METHODS

Materials
In this study, M. aeruginosa used for antialgal bioassay was supplied by the Freshwater Algae Culture of Hydrobiology Collection (FACHB Collection, China) (Li & Hu 2005) . A. donax used in this study was collected from shrubs grown in Jinan City, Shandong Province, China during SeptemberOctober, 2005. The plant was rinsed with axenic distilled water and dried at 601C for 48 h. Dried material of A. donax was cut into 5 cm plant segment. The plant materials used in this study include the fresh material just reaped, rinsed, dried and cut (called as fresh A. donax hereafter), and the preserved material laid exposed to air at room temperature for two months (called as long-time preserved A. donax hereafter).
Preparation of the extracts of fresh and long-time preserved A. donax Fresh and long-time preserved plant segments (750 g) were placed in glasswares filled with axenic deionized water (5 L), respectively. The extracts were prepared for 4 d at 41C in dark. Then the extracts were filtered through a 0.45 mm filter to remove solid particles and then through a 0.22 mm filter to remove microorganisms. The aquatic extracts were conserved at 41C for later experiments.
Characterization of the extracts of fresh and long-time preserved A. donax
The aquatic extract (from fresh and long-time preserved straws, respectively) was treated with specific multiples of dilution. Then dissolved organic carbon (DOC) of the extract was determined by non-dispersive infrared absorption method using a total organic carbon analyzer (TOC-5000 A, SHIMADZU, Japan). The UV-visible spectrophotometer (UV-2401PC, SHIMADZU, Japan) was used to scan UVVis absorption spectra of the extract and the value of ultraviolet light absorbance at 254 nm (UV 254 ) was obtained.
The diluted aquatic extract (from fresh and long-time preserved straws, respectively) was placed into the quartz cell and tested using a fluorescence spectrophotometer (preset the photomultiplier tube voltage as 700 V and excitation and emission slit width as 5 nm) (F-2500, HITACHI, Japan). Spectrometer scanning range of excitation wavelength/emission wavelength (Ex/Em) was from 220 to 450 nm (5 nm per step)/from 240 to 800 nm (1 nm per step). To eliminate the effect of elastic scattering on fluorescence spectra, the initial wavelength of emission spectra scan compared with that of excitation spectra scan always kept 20 nm shift toward the long wavelength side. Experiments used ultra-pure water as a blank to correct Raman scattering of water. After receiving fluorescence light intensity (i.e., FI) of each Ex/Em wavelength pair, OriginPro 7.5 (OriginLab Corporation, USA) was used for data processing and three-dimensional matrix was drawn to form a contour map.
Isolation of the extracts of fresh and long-time preserved A. donax
The aquatic extract (from fresh and long-time preserved straws, respectively) was alkalized with NaOH solution to pH of 14 with floc appearing, and then alkaline liquid A was obtained. Liquid A was extracted with CH 3 Cl to a upper-layer aqueous phase B and a lower organic phase C. Phase C was dried and dissolved in dimethyl sulphoxide (DMSO) to obtain fraction 1. Phase B was dried and dissolved in ethanol to obtain organic phase D and precipitate E. Phase D was replaced into DMSO solution to obtain fraction 2. Precipitate E was dissolved in methanol to obtain precipitate F and organic phase G. Precipitate F was dissolved in water to obtain fraction 3. Phase G was replaced into DMSO solution to obtain fraction 4. The extraction process is shown in Figure 1 . The four fractions were used for later analysis of antialgal activity.
Identification of potential allelochemical from fresh and long-time preserved A. donax
The constituents of the tested fraction were analyzed by gas chromatography-mass spectrometry (GC-MS) (DSQ) equipped with a VF-5 MS column (30 m Â 0.25 mm Â 0.25 mm). Helium was used as the carrier gas with a flow rate of 1 mL min À1 , the temperatures for injection port and transmission line were both at 2501C, and the temperature programming was set with initial oven temperature at 501C and held for 2 min and the final temperature of the oven was 3001C with a rate at 101C min À1 . A 2 mL sample was injected with splitless mode. Mass spectra were recorded over 33-650 amu range with electron impact ionization energy of 70 eV. Preliminary identification of constituents was based on computer matching components of mass spectral data against the standard NIST library spectra. Relative proportions of the constituents were computed in each case from GC-MS peak areas.
Bioassay of extract and fractions of fresh and long-time preserved A. donax M. aeruginosa was maintained in BG11 medium (Li & Hu 2005) . Cyanobacteria were pre-cultured under an irradiance of 40-60 mmol photons m À2 s À1 (light 14 h / dark 10 h), at 24-251C prior to the experiment. In the late exponential phase of growth, cyanobacterial cultures were diluted with the medium and counted with a haemacytometer (YA-XQ100, Improved Neubauer Counting Chamber, China) to ascertain initial cyanobacterial densities.
The aquatic extracts (expressed with equivalent dried biomass mass of A. donax) and fractions (pre-dissolved in dimethyl sulphoxide (DMSO) to concentration of 40 g L À1 ) were added to the bioassay, respectively. Bioassay experiments were performed in a 200 mL mixed culture system with a 500 mL conical flask. The mixed system was composed of 5 mL cyanobacterial culture (late exponential phase of growth), tested material of A. donax (extracts and fractions) and culture medium. All treatments were prepared in triplicate. Cultures were shaken by hand three times each day. The growth of M. aeruginosa was monitored by using haemacytometers. Pre-experiments proved that, when the proportion of DMSO added was less than 1% (v/v), the growth of M. aeruginosa was not affected, so the final proportion of DMSO added was not in excess of 1% (v/v) in the experiments. Concentrations of aquatic extracts added were designed as 0, 5, 15, 25 g L À1 , respectively; concentration of fractions tested was designed as 0.2 g L À1 .
Data analysis
The changes of cyanobacterial growth were estimated by percentage inhibition (PI), which is defined as follows:
where N e and N t represent the numbers of cyanobacterial cells in treatment groups (added with extracts or fractions) and the controls (cell mL À1 ), respectively. Positive PIs mean that their effects on the cyanobacterial growth are inhibitory and vice versa. The mean values and standard deviations (SD) were calculated from triplicate tests per treatment.
RESULTS AND DISCUSSION
Growth effects of the extracts of fresh and long-time preserved A. donax on M. aeruginosa
The growth effects of the extracts of fresh and long-time preserved A. donax on M. aeruginosa were investigated. The results are shown in Figure 2 . The growth of M. aeruginosa was much more significantly inhibited by the extract of fresh straw than long-time preserved one. After 7 d of cultivation, all treatment groups of fresh straw had PI above 60%. As the cultivation time increased, PIs of the two high concentration groups were increasingly closed to 100%. However, the PIs of the treatment groups of long-time preserved straw were less than 60%. Based on these results, we suggest that the material of A. donax used for cyanobacterial bloom control should be fresh.
Composition difference of the extracts of fresh and long-time preserved A. donax
Part I: The difference of dissolved organic matter and unsaturated organic compounds
Further, the chemical composition differences between fresh and long-time preserved straws were investigated. Firstly, the dissolved organic matter (DOM) in terms of DOC and UV 254 was analyzed to judge their primary difference. In Table 1 , the extract of fresh straw had higher values of DOC and UV 254 than those of long-time preserved one. Normally, DOC is used to reflect DOM level in water, and UV 254 mainly represents the level of unsaturated organic compounds in water, especially unsaturated aromatic organic compounds (Li et al. 2000; Tezcanli-Guyer & Ince 2003) . Hence, longtime preservation might cause dissolved organic compounds of A. donax to decrease, especially unsaturated aromatic organic compounds.
Part II: The fingerprinting difference of fluorescent substances
A three-dimensional fluorescence spectrum known as fingerprinting of fluorescent substances, (the features of which including peak intensity, peak area, etc.) can be used for identification and characterization of different types of organic matters (Sirivedhin 2002) . The contour maps of the extracts of A. donax are shown in Figure 3 , and the intensities of characteristic peaks and the potential chemicals are shown in Table 2 . As shown in Figure 3 and Table 2 , under the same dilution ratio, the peak intensities of the extract of fresh straw were much higher than those of long-time preserved one. Four sorts of fluorescent substances were detected in the extract of fresh straw, however, only three in long-time preserved one (Table 2) . Besides the unknown substances, both of the extracts contained tryptophan-like/protein-like substances (l Ex 270-280 nm; l Em 320-350 nm) and tryptophan-like aromatic substances (l Ex 200-250 nm; l Em 330-380 nm) (Coble et al. 1990; Determann et al. 1994; Hong & Hu 2007) . Based on the primary characterization of the extracts, long-time preservation can cause the loss of several kinds of substances, including tryptophan-like and unknown substances. It is worthwhile to note that these losses of substances primarily contain unsaturated bonds.
Part III: The difference of substance composition in the active fractions
To further determine the causes for the activity difference between fresh and long-time preserved straws, the potential substances in both aquatic extracts were isolated by liquidliquid extraction. Four fractions were obtained as described in Figure 1 . Combined with antialgal assay, fraction 1 and fraction 4 from both straws could inhibit the growth of M. aeruginosa. Among them, only fraction 1 from fresh straw had the strongest antialgal activity (Table 3) . It meant that the main inhibitory allelochemicals existed in fraction 1. After 6 d of cultivation, PI of fraction 1 reached 91.2%. Fractions 3 from both straws could stimulate the cyanobacterial growth. Fraction 2 from long-time preserved straw stimulated the growth of M. aeruginosa with a PI of À12.6%, however, fraction 2 from fresh straw had inhibitory activity. These results hinted that long-time preservation could affect specific fractions of A. donax. The antialgal chemicals in the fraction might be transformed into cyanobacterial growth-stimulators or the fraction in loss of antialgal chemicals might be served as food for the cyanobacterium.
To determine the potential antialgal allelochemicals and clarify specific effects of long-time preservation on chemical alteration, GC-MS was used to analyze fractions 1 from both fresh and long-time preserved straws. The results showed that there were several kinds of compounds present in both of these two fractions, including esters, ketones, alkaloids and phenolic acids (Tables 4 and 5 ). Oleamide not only appeared in both fractions but also had the highest content in comparison with relative abundance of all chemicals. And obviously, only nine peaks existed in fraction 1 of long-time preserved straw, the peak number of which was 12 less than that of fraction 1 of fresh straw. Moreover, the GC-MS results 300 400 500 600 700 800 300 400 500 600 700 Figure 3 9 9 9 9 Contour maps of the aquatic extracts of fresh and long-time preserved Arundo donax L. supported the results from UV-Vis and fluorescent spectrometry; the activity loss during A. donax preservation might be due to the loss of chemicals with unsaturated bonds, especially unsaturated aromatic organic compounds. Several kinds of potential active chemicals were found, including 1-dodecanol, dihydroactinidiolide, 3-indoleacetic acid (IAA), 1,2-benzenedicarboxylic acid, diisooctyl ester, ellipticine in fraction 1 from fresh straw, and androst-4-ene-3,17-dione-19-oic acid, 1,2-benzenedicarboxylic acid dibutyl ester, 1,2-benzenedicarboxylic acid diisooctyl ester in fraction 1 from long-time preserved straw. Dihydroactinidiolide has been found to be an important antialgal allelochemical in Eleocharis coloradoensis and Vallisneria spiralis (Stevens & Merrill 1981; Xian et al. 2006) . Ellipticine as an important plant second metabolite is a kind of topoisomerase II inhibitor, which can mediate the damage process of DNA, and participate in the oxidative phosphorylation uncoupling of mitochondria. Batish et al. (2008) pointed out that ellipticine could suppress the rooting process of Phaseolus aureus. IAA is an important plant hormone, which is involved in the growth and differentiation process. Tsavkelova et al. (2007) showed that orchid-associated bacteria, including the strains of Rhizobium, Microbacterium, Sphingomonas, and Mycobacterium genera could produce IAA to promote seed germination. Wang et al. (2006) reported that 1,2-benzenedicarboxylic acid dibutyl ester and 1,2-benzenedicarboxylic acid diisooctyl ester existed in the extract of Hydrilla verticillata with growth inhibition on M. aeruginosa. These potential allelochemicals might have inhibitory or stimulative activity on cyanobacterial growth, and their identification and characterization need to be studied further.
These results showed that besides selection of antialgal plant species, isolation of antialgal allelochemicals, and exploration of the potential antialgal mechanisms, how to use these resources might be also important, even more important for application. Till now there are many reports about antialgal plant species, allelochemicals, and their mechanisms, however, few about how to use them. As to what factors affect the activity of A. donax during preservation, what inhibitory and stimulative allelochemicals exist in A. donax, and what changes of specific allelochemicals happen before and after preservation still need to be done in future.
CONCLUSIONS
Long-time preservation of A. donax had a negative effect on its inhibitory activity. Its two-month preservation could result in a decrease of inhibitory activity almost by half.
Several potential allelochemicals, including esters, ketones, alkaloids and phenolic acids, were found in the isolated fractions in both fresh and long-time preserved A. donax. However, fresh A. donax was verified to have far more different potential allelochemicals with higher contents than long-time preserved one.
